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Na-ion batteriesBiomass waste recently emerged as efficient precursors for hard carbon anode preparation for Na-ion 
batteries. Despite their very complex microstructure (organic/inorganic) there is a lack of knowledge about 
their impact on carbon formation. In this paper, the influence of inorganic impurities of three raw local 
biomass wastes (aspara-gus, grape and potato) on the hard carbon properties and on their electrochemical 
performance is investigated, by performing a washing step either before or after the thermal treatment (TT) 
at 1300 °C. When washing was done after the TT (with HCl), most of crystalline inorganic impurities (K, Ca, 
Si, Mg - based compounds) could be significantly removed. This triggered the increase of ultramicroporosity 
along with mesoporosity formation and graphite interlayer space (d002) contraction. Such observations are less 
pronounced on grape derived carbon due to the inorganic's catalytic induced local graphitization during 
pyrolysis. The oxygen content in the pristine carbons was high, owing to the presence of inorganic metal 
oxides and carbonates, and could be diminished after washing along with the amount of defects. Thus, the 
carbon content and the electronic conductivity of the mate-rials were enhanced. The electrochemical 
performance improvement after washing was limited since the posi-tive effect brought by impurities 
removal was negatively compensated by the changes occurring in the materials, particularly the increase in 
the specific surface area. Diffrently, the washing done before the TT (with water) induced only fewer changes 
on the materials porosity and structure and slightly improved capacity (from 215 to 230 mAh g−1). 
Furthermore, higher pyrolysis temperature (1400 °C) on washed HCs afforded a bet-ter reversible capacity 
−1up to 280 mAh g . This comprehensive study opens the door for green and mild synthesis approach to be 
further explored for sustainable fabrication of hard carbon for Na-ion batteries.1. Introduction
Lately, Na-ion batteries (NIBs) have gainedmore andmore attention
as the shortcomings of Li-ion batteries become increasingly evident:
safety issues, high demand due to the fast development of electric vehi-
cles, a possible depletion of Li resources, the political instability in the
Democratic Republic of the Congo (leading exporter of cobalt, used for
cathode preparation), etc. For the development of anode materials for
NIBs, several materials have been explored [1–5], and among them,
hard carbon received greater attention due to its advantages such as
low price, high availability, tunable features and theoretical capacity
close to graphite. That is why a wide range of sources are used to de-
velop hard carbons and involves numerous synthetic precursors (i.e.,, CNRS, Institut de Science des
ouse, France.
imbeu).phenolic resin, polyacrylonitrile, polyaniline), bio-polymers (i.e., cellu-
lose, sucrose, glucose, lignin) or biomass.
Biomass is one of the most abundant sources of renewable energy
which originates from different wastes (urban, domestic, agriculture,
forestry), trees, plants, algae, etc. Up to 15% of global energy demand
is provided by biomass. Having a structure composedmostly from cellu-
lose, hemicellulose and lignin (and low amounts of proteins, ash and
pectin) and a composition rich in carbon that can exceed 60% (on a
dry basis), biomass represents themost approached category of precur-
sors to develop hard carbon anodes for sodium ion batteries [3,6,7]. Sev-
eral literature studies reported hard carbon anodes based on a broad
range of biomass precursors such as: fruit peels [8–12], different nuts
shells [13–16], agro-industrial residues [17–19], pine-cones [20], peat
moss [21], algae [22], cellulose [23–25], lignin [26–28], sucrose [29], glu-
cose [30–32], etc. It appears evident that the term biomass includes var-
ious precursors which can be subdivided in other categories such as:
bio-waste (fruit/vegetable peels, agro-industrial residues), carbohy-
drates (sucrose, glucose) and biopolymers (lignin, cellulose). However,
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.when selecting biomass precursors, some important aspects should be
taken into consideration. First, the precursor should not be destinated
for human's food purpose (i.e., fruits, sugar sources), reason why bio-
waste represents a more suitable option. Another important aspect is
the biomass chemical composition (including heteroatoms and inor-
ganic elements) and the microstructure, which is rather unique. These
features have a significant influence on the final hard carbon properties
(structure, texture, morphology and composition) and further on the
delivered performance. Moreover, as the quantity of produced bio-
waste increases continuously, exploring them represents a real advan-
tage to reduce the waste by transforming them in high added-value
hard carbon materials, for instance.
Generally, the synthesis of hard carbon involves only a pyrolysis
step, yet, in several works the synthesis procedure implies an additional
activation post−/pre-treatment [9,12,17,33] or doping [34] stage,
aimed to reach higher performance. However, very little or no attention
is paid to the inorganic impurities contained in such hard carbon mate-
rials and there is no bottom line for all these studies involving rather tri-
als on random precursors that can be turned into carbon. Moreover,
there is no real correlation found so far between the materials features
(i.e., interlayer distance, porosity, surface functionality) and the inor-
ganic impurities presence. Some of the few approaches reported in the
literature are discussed further. One of them involved the valorization
of lignin as hard carbon anode [28]. Direct pyrolysis of lignin
(1200 °C) leaded to high surface area carbon, due to in-situ activation in-
duced by alkaline impurities, and electrochemical capacity fading over
cycling. For this reason, washing with water was performed after an in-
termediate carbonization step (600 °C) in order to remove the impuri-
ties (Na, K-based due to the extraction process in the paper industry)
followed by pyrolysis at 1200 °C. As result, the N2 specific surface area
(SSA) decreased considerably (from 180 to ~10 m2 g−1), the d-spacing
slightly diminished, as well, while the electrochemical performance
was improved (both reversible capacity and stability over cycling). In
another study [35], chitosan precursor was washed after the heat treat-
ment at 1300°C with an acidic solution (20% HCl) to remove the Ca-
based impurities coming from its extraction from sea food shells.
Although efficient, washing does not significantly alter the texture or
structure of the hard carbon, but an increase in active surface area
(ASA) could be observed (from 1.8 to 5.2 m2 g−1). Regarding the elec-
trochemical performance, the washing rather improved the anode sta-
bility over cycling. Passerini and co-workers [36] studied the impact of
acidic treatment on biomass derived hard carbons, as well. Phosphoric
acid was used to treat the peanut shells precursor for different periods
of time (1 day, 6 days, or 2 weeks) leading to correlations between the
treatment time and the structural properties / electrochemical perfor-
mance. When the precursor was treated for a longer time, the obtained
HC has a lower specific surface area and an improved structural orga-
nization. Consequently, the delivered reversible capacity improved as
well, i.e., 120 mAh g−1 for 1 day to 290 mAh g−1 after 2 weeks of
acidic treatment. In another work, hard carbon was obtained from
argan shells [15] by performing different types of pre‑carbonization
washing steps: with acetone (followed by thermal annealing) and ac-
etone followed by an acidic washing (2MHCl solution). Although the
study focused more on the influence of the heat treatment tempera-
ture, it was observed that the washing carried out with HCl solution
leads to a higher reversible capacity which was attributed to a larger
number of active sites (defects and/or voids). Dupont et al. published
a study aimed to elucidate the influence of different biomass compo-
sition on hard carbon properties and electrochemical performance
[37]. The authors concluded that the initial biomass composition
and origin (wood vs. plant derived) has a greater effect on hard car-
bon properties than the used temperature range (1100–1400 °C).
The wood derived HC lead to high carbon content, possesing
turbostratic structure and highreversible capacity while the plant de-
rived HC resulted in lower reversible capacity due to a lower carbon
content and higher impurity amount.Therefore, although the few existing works underline significant al-
tering of carbon properties and performance due to impurities presence,
none of them specifically addressed in a systematic way or purpose the
impact of impurities on the carbon properties, electrode conductivity
and electrochemical performance.
The aim of this paper is thus to provide more insights on the impact
of biomass impurities on the obtained HCs properties aswell as on their
electrochemical performance, impact that seems rather important al-
though very little knowledge exists so far. For this purpose, three
types of precursors were selected for HC preparation, i.e., asparagus
peel, grape waste or pomace (solid waste resulted from the activity of
wine production) and potato peels. The selection is based on their
great significance for Alsace region, France. Therefore, large scale pro-
duction perspective was considered, in order to privilege precursors
that satisfy availability issues from local waste resources, which is
highly advantageous for production cycle life assessment.
A simplewashing step (before or after the TT)was performed to elu-
cidate how the carbon characteristics (composition, structure, porosity,
defects and electronic conductivity) modifies with impurities removal
and how the electrochemical performance is further impacted. The ob-
tained results herein revealed a significant amount of inorganic impuri-
ties in carbon structure, which, in some cases, are able to graphitize the
carbon leading to different structure and amount of defects. Further-
more, it was found that the porosity increaseswhile the amount of func-
tional groups decreases when the impurities are removed. The carbon
content and the electronic conductivity were greatly enhanced as
well. The electrochemical performance was strongly affected by these
changes and improvements were observed after impurities removal.
2. Experimental section
2.1. Materials synthesis
Asparagus peel (A) and potato peel (P) were obtained as a result of
personal consumption of the local products while the grape waste
(G) originated from local wine production. The raw materials were
first dried overnight at 80 °C to remove the excess of water, then a ther-
mal treatment was performed with a heating rate of 5 °C min−1 until
1300 °C, under Ar flow (15 L h−1). The temperature was maintained
for 1 h, and then the sample was naturally cooled down (Scheme 1,
route 1). Before using, all the materials were grinded to have a fine
andhomogeneous powder. The obtained hard carbons (HCs) are further
denoted “HC-X”, where X is the used precursor (P-from potato, A-from
asparagus and G-from grape). Two types of washing steps were con-
ducted, i.e., before and after pyrolysis step, as exposed in Scheme 1.
The hard carbonswashed after (wa) the TT (route 2)where obtained
as follows: once annealed at 1300 °C, the carbon samples were first me-
chanically stirred with a solution of HCl (18.5%). Next, the hard carbon
powder was recovered by filtration, followed by washing with distilled
water in abundance (500–700 mL) to remove the excess of HCl and to
achieve a neutral pH -equal to 6.5–7). The samples were then dried at
80 °C overnight, and grinded before analyses. The samples are denoted
HC-Xwa.
The precursorswashing before (wb) the heat-treatmentwas done to
evaluate the efficiency in removing the impurities (route 3, Scheme1).
The raw biomass was stirred with distilled water at 60 °C overnight,
then recovered by filtration (washed with excess of water) and dried
at 80 °C before the heat treatment at 1300 °C. Worth to mention, that
no HCl was used in this case in order to avoid biomass modification.
The samples are denoted HC-Xwb.
2.2. Material characterization
The biomass weight loss and its conversion into carbon during the
thermal pyrolysis was performed by thermogravimetric analysis
(TGA) with a Mettler-Toledo TGA 851e by heating the biomass to
Scheme 1. Synthesis routes used to prepare hard carbons derived from raw biomass precursors: (1) pristine HC, (2) HC washed after the TT, (3) HC washed before the TT.
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of inorganic impurities present in the carbonmaterials compositionwas
determined as well, by performing a TGAmeasurement under air, up to
950 °C (5 °Cmin−1). The chemical compositionwas assessed by Energy-
dispersive X-ray spectroscopy (EDX) using a JED 2300 detector attached
to a FEI Quanta 400 scanning electron microscope. The structure of the
hard carbon materials was studied by several techniques. High-
resolution transmission electron microscopy (HRTEM) was done with
a JEOL ARM-200F instrument operating at 200 kV. Raman spectroscopy
was performed at room temperature using a LabRAM BX40 (Horiba
Jobin-Yvon) spectrometer equipped with a He–Ne excitation source
(532 nm wavelength). For accurate analysis, several spectra were ac-
quired (mapping) and the average spectrumwas used. X-ray diffraction
(XRD) analysis was performed using a Bruker D8 Advanced diffractom-
eter with Bragg-Brentano θ-θ geometry equipped with a LynxEye XE-T
high resolution energy dispersive 1-D detector (Cu Kα1,2).
Textural properties of the hard carbon materials were investigated
with a Micromeritics ASAP 2420 machine using N2 gas as adsorbate
(77 K) and a Micromeritics ASAP 2020 instrument using CO2 adsorbate
(273K). In an initial step, the sampleswere outgassed for 12 h at 300 °C,
under vacuum in the degassing port and for another 2 h on the analysis
port to remove any trace of molecules. The Brunauer-Emmett-Teller
(BET) specific surface area (SSA) was determined from the linear plot
in the relative pressure range 0.05–0.3 and 0.01–0.03 for N2 and CO2, re-
spectively. The pore size distribution (PSD) was obtained from N2/CO2
adsorption isotherms using the non-local density functional theory
(NLDFT) considering the standard slit pore model for carbon materials
carried out by SAIEUS software (Micromeritics).
Temperature-programmed desorption (TPD) analysis was used to
determine the nature and the amount of oxygen-based functional
groups present in the materials and to quantify the amount of defects
in terms of active surface area (ASA). Thus, themeasurementswere per-
formed in a vacuum system equipped with a mass spectrometer (MS)
that was constructed in the laboratory [38]. A small amount of carbon
(~7 mg) was heat-treated up to 950 °C at a heating rate of 5 °C min−1.
The gases released were quantitatively analyzed during the experiment
by themass spectrometer which was calibrated regularly, using several
gases usually desorbed from the carbon surface. Prior to each analysis, a
N2 sensibility measurement was performed, which allowed further
quantification of the other gases. To determine the ASA, the materials
were exposed to oxygen introduced at 300 °C (oxygen pressure:
66.5 Pa), which was subsequently chemisorbed for 10 h to form surface
oxygenated complexes. A second TPD was performed at 950 °C with a
10 °C min−1 heating rate to determine the amount of oxygenatedgroups, and finally the ASA considering that the area of an edge carbon
site that chemisorbs an oxygen atom is 0.083 nm2.
2.3. Materials electro-chemical characterization
The electrochemical tests were performed using two electrodes
Swagelok cells. For electrode preparation, the hard carbons were
mixed with polyvinylidene fluoride (PVdF) binder and carbon black
acetylene conductive additive (mass ratio of 70:10:20) in presence of
N-methyl-2-pyrrolidone (NMP) as solvent. The obtained slurry was
coated by doctor blade on Al foil. Electrodes with a mass loading of
2–3mg cm−2 (12mmdiameter)were first dried at 80 °C under vacuum
before testing.
The HC conductivity was evaluated with the help of EIS (Electro-
chemical Impedance Spectroscopy). The electrical resistance of the elec-
trodes was measured, then the electrical conductivity was calculated




where, (σ) – electronic conductivity, (L) – electrode length, (R) - electri-
cal resistance and (A) - sectional area of the HC electrode.
The cells were assembled in an argon-filled glove box using sodium
metal as counter/reference electrode and a glass fiber separator. The
electrolyte consisted of 1 M NaPF6 dissolved in ethylene carbonate
(EC)/ dimethyl carbonate (DMC) with a 1:1 volume ratio. The electro-
chemical performance was measured using a Bio-Logic cycling device.
Galvanostatic charge-discharge tests were conducted at a constant cur-
rent in a voltage window between 0.01 and 2 V (vs. Na+/Na) at C/10
rate (the theoretical specific capacity was considered 372 mAh g−1).
At the end of each discharge and charge cycle, potentiostatic steps
with a duration of 1 h were added. Cyclic voltammetry was performed
in the voltage window 0.01–2 V at scan rates of 0.2 mV s−1. All experi-
ments were conducted at room temperature and the potentials are
expressed relative to Na metal (vs. Na+/Na).
3. Results and discussion
3.1. Biomass conversion and carbon composition
The hard carbon materials derived from biomass wastes were char-
acterized to elucidate thepresence of impurities in their structure and to
evaluate their performance in sodium storage applications. In a first
step, TGA/DTG measurements were performed on the raw biomass
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.samples to understand their thermal conversion into carbon, as well as
to determine their final carbon yield after pyrolysis.
It can be seen in Fig. 1a that potato peel is very stable up to 200 °C as
almost no mass loss occurs. On the other hand, asparagus and grape
waste already lose apx. 10% of the mass until 200 °C due to the release
of adsorbed water, although initially all materials were dried at 80 °C
to remove the excess. In the temperature range 250–450 °C, a significant
mass loss of apx. 60% occurs which is very sudden in the case of potato
waste as suggested by the sharp and pronounced observed peak, in the
DTG plot at ~270 °C. For a temperature higher than 300 °C, grape waste
has a better thermal stability than the other two materials. The impor-
tant mass loss observed for the three materials could be correlated to
the decomposition of the main precursor constituents. In the case of as-
paragus peel, cellulose (decomposes between 260 and 350 °C [39]) and
hemicellulose (200–280 °C [39]), are the main constituents. Potato peel
has a high content of starch (250–300 °C [40]) while the grape waste is
rich in lignin (280–500 °C [39]), ~44% [41], but has also cellulose in its
composition. Although most of these biopolymers decompose in the
same temperature range, 250–500 °C, lignin has a higher thermal stabil-
ity (contains stable aromatic molecules) [42] which gives grape waste a
better stability, higher cross-linking and thus a higher apparently C yield
of 31 wt%, while asparagus and potato peel give a yield of 23 wt%
(Fig. 1b, black bar). The impurities present in materials composition
should be considered, aswell, since they are stable at such temperatures
and contributes to the final residue mass of the obtained material.
Therefore, the observed yield is not only related to carbon but also to
the inorganic part. To check this aspect, EDX was implied to determine
the composition of biomass precursors and the results are shown in
Table S1 (Supporting Information) and Fig. 2.
A high weight percentage of oxygen can be seen in the biomass pre-
cursors structure (43–52wt%). An important amount of K alongwith Ca,
P, Si, S, Mg or trace of Cl were found in the composition of thematerials,
as well. However, the quantity of impurities seen for grape waste is not
very high to justify its higher residue yield after pyrolysis. A contribution
may come from the carbon content in the biomass, which is higher in
the case of grape waste (54 wt%) compared to the other precursors
(48 wt% for asparagus peel and 41 wt% potato peel). However, it is
worth to mention that EDX does not take into account and/or underes-
timates the heteroatoms (i.e., H, N, S) and thus complementary studies
were performed by combustion elemental analysis (EA) to further elu-
cidate the elemental composition (Table S2, SI). The results revealed a
high amount of heteroatoms (N, H, S), i.e., 10.5 wt% for asparagus peel,
8.7 wt% for grape waste and 8.3 wt% for potato peel.Fig. 1. a) TGA/DTG curves under nitrogen of the different biomasses; b) Residue yield obtained
subtracting the amount of impurities obtained following materials oxidation under air by TGANow if we compare the carbon % revealed by the two techniques, it
can be noticed that the higher amount of heteroatoms (revealed by EA),
present in biomass composition, led to an overestimation of carbon con-
tent by EDX (i.e., 43.4 wt% by EA vs. 48 wt% by EDX for asparagus peel)
but the trend between the materials is similar. On the other hand, the
impurities (K, Ca, Si, etc.) and the oxygen cannot be quantified by EA
and therefore, the two techniques are complementary and are both re-
quired to evaluate materials composition.
To elucidate the exact carbon yield in the materials, TGA was per-
formed up to 950 °C on the hard carbon materials under air. This strat-
egywas implied since the carbon burns at around 400–600 °Cwhile the
impurities have a higher thermal stability and can be quantified. Thus,
the carbon was oxidized and removed as volatile gases (COx) and only
the impurities remained but, worth mentioning, they are oxidized.
The results (Fig. S1a, SI) confirm indeed the presence of apx. 10% residue
which can be seen very well in Fig. S1c, SI, showing the crucibles recov-
ered after the TGA analysis. By substracting the initial residue yield and
the percentage of impurities, the real carbon yield was roughly esti-
mated as shown in Fig. 1b (red bar). It can be noted that asparagus
peels give 15 wt% yield in carbon, grape waste 23 wt% while potato
peels only 12 wt%. Therefore, the higher carbon yield of grape waste is
rather correlated to the amount of carbon in the precursor and its aro-
matic structure given by lignin, known to induce higher carbon yields
[28]. The recovered residue powder was further analyzed by XRD
(Fig. S1d, SI) and a complex mixture of mineral phases containing car-
bonates, silicates and phosphates (CaCO3, K2CO3, Ca3(PO4)2, CaSi2O5,
etc.) could be identified. Thus, it can be concluded that the identified im-
purities justify the higher residue yield observed for the three precur-
sors. Therefore the yield in such materials is related to both carbon
and the impurities.
3.2. Hard carbon structural characterization
Complementary techniques were used, to study thematerials struc-
ture, i.e., XRD, Raman spectroscopy and TEM techniques. In Fig. 3a, b,
XRD diffractograms of pristine hard carbons obtained at 1300 °C along
with their corresponding hard carbons washed after (wa) TT, are
presented.
The characteristic peaks of the hard carbon are seen for all threema-
terials at a 2-theta position of ~23°, 43.8° and 80°, respectively. How-
ever, it seemed important to proceed with discernment on the exact
position of the (002) line, characteristic of the graphene interlayer
space (d002). One of the difficulties lies in the presence of numerousfrom the raw biomass conversion into carbon at 900 °C and the carbon yield obtained by
.
Fig. 2. Chemical composition determined by EDX for biomass precursors, hard carbons andwashed hard carbons after pyrolysis: a) asparagus, b) grape and c) potato. In-set: images of raw
biomass precursors.
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Fig. 3.XRD diffractogramof (a)HCmaterials heat-treated at 1300 °C alongwith b)washed after TT hard carbonmaterials. Raman spectra normalized to D band intensity of pristine (c) and
washed (d) biomass derived hard carbons.
Table 1
The impurities identified in the HC structure with the help of DIFRAC.EVA software [46]





MgO; K2O; K2CO3; MgCO3; K2Ca(CO3)2; MgCaOCO3; K3P 
CaCO3; CaS; K2SO4; K2(CO3); K2Ca(CO3)2; K2O; K2SO3 
CaO; K2O; SiC; Ca3(PO4)2; Ca5P8
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.impurities in the HC materials, which hamper the correct estimation of
the (002) peak position. Conventional tools for simple determination of
reflection positions available in all search-match softwaremay be insuf-
ficient. Specific attention was accorded to the background determina-
tion, in order to get a right description of (002) peak profile. The
resulting data were converted via PowDLL [43] and then treated with
the profile peaks fitting option inWinplotr [44]. The refined peaks posi-
tions led to calculated d-spacing for the pristine materials of 3.819(13)
Å for HC-A, 3.788(7) Å for HC-G and 3.977(15) Å for HC-P, values
wide enough to allowNa+ insertion-extraction, as reported in literature
[35,45]. The presence of impurities is indicated by several sharp peaks
visibles for all three pristine materials (Fig. 3a). The impurities identifi-
cation based on XRD was rather difficult due to phase complexity, rea-
son why it was assisted by EDX which was used to determine HCs
composition. EDX results after pyrolysis (Fig. 2 and Table S3, SI) showed
that the C content increases and reaches 80wt% for HC-P, 68wt% forHC-
Awhile HC-G, has the lowest carbon percentage, ~64wt%. Overall, these
values are significantly lower than other hard carbons originating from
lignin [28] or chitosan [35]. Moreover, the O content significantly de-
creases after pyrolysis, but for HC-G is still high, ~24 wt% compared to
the other carbons (16.3wt% for HC-A and 11.7 wt% for HC-P). A possible
explanation could be related to the high amount of K and Ca contained
in the structurewhich trapO2 and induce the formation of carbonates. It
is also clear from the obtained results that the amount of impurities in
the carbon structure (i.e., K, Ca, P, Si, S, Mg), is much higher after the
heat-treatment compared to their parent precursors (31.9 wt% for HC-
A, 36.3 wt% for HC-G and 18.5 wt% for HC-P). This can be attributed to
the thermal decomposition of organic matter leading to a higherconcentration of metallic impurities in the structure, following the ther-
mal treatment. It can also be assumed that at suchhigh temperature, the
metals are already in vapor state andmigrate towards the material sur-
face. It was reported before that such impurities react with the O2 and
CO2 from the atmosphere, while exposed to air, formingmetallic oxides
and/or metallic carbonates [28], which may also explain the large
amount of oxygen. Such impurities (metals + heteroatoms) may have
different negative impacts on the electrochemical performance such
as a decrease of the overall material conductivity or electrolyte decom-
positionwith formation of SEI layer causing an initial irreversibility and/
or fading capacity, as reported before [28,35].
Considering the chemical composition revealed by EDX andwith the
help of XRD data processing software, it was possible to identify differ-
ent metal oxides, metal carbonates and/or different complex phases as
exposed in Table 1.
In order to study the influence of impurities, the carbons were
washed after the thermal treatment and the samples were analyzed
again and are further discussed, in parallel. The XRD data show that
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.the crystalline impurities have been largely removed after washing, how-
ever, few local small peaks are still noticed in the case of HC-Pwa andHC-
Gwa (Fig. 3b). According to the sameXRDpeakprofile refinement applied
for the pristine HCs, the resulting interplanar distances d(002) of the
washed HCs decrease for HC-Awa down to 3.766(7) Å (−1.4%), for
HC-Pwa to 3.870(9) Å (−2.7%) and remains rather constant (inside
estimated standard deviation) for HC-Gwa, i.e. 3.792(6) Å vs. 3.788
(7) Å for HC-G.
This decrease in the interlayer distance after washing can be corre-
lated to the removal of impurities, including ions inserted between
the graphene planes. However, this phenomenon is less observed for
HC-G and HC-Gwa, as washing has no particular effect on the d(002)
value. This observation can be correlated with the results of Raman
measurements which show for this family of HCs a rather strong local
graphitization. This graphitization confirmed by TEM can be at the ori-
gin of a disturbance for themobility of ions between the graphite planes,
which remain trapped.
TGA analysis, performed under air, on thewashed hard carbons con-
firm that impurities removalwas almost complete, especially in the case
of HC-Awa and HC-Pwa for which almost empty crucibles were ob-
served (Fig. S1c). The low percentage of residue found (2–3 wt%) may
be caused by the formation of a possible crystalline phase (i.e., Si, SiC)
which cannot be removed from the structure by HCl washing. The re-
moval of most of the impurities was also confirmed by the EDX analysis
performed on thewashed samples (Fig. 2 and Table S3, SI). A significant
increase in the carbon contentwas seen, especially for HC-Gwa and HC-
Awa, reaching 85.4 wt% and 87.5 wt%, respectively (vs. 63.7 wt% and
68.2 wt% before washing). In the case of HC-P, the percentage increased
from 80wt% to 88.4 wt% after washing. In the same time, the amount of
oxygen decreases, since less impurities such as oxides/carbonates are
present in the structure. Overall, most of the impurities were removed
thus allowing to elucidate their influence on the carbon characteristics
and Na+ storage mechanisms, as presented later on.
Additional information about the materials structure, especially on
the disorder degree, important feature for sodium storage, were ob-
tained with the help of Raman analysis. The specific “footprint” of
hard carbons is observed for all materials in the 1300–1700 cm−1 re-
gion, namely the defect induced D-band (1346 cm−1) and the crystal-
line graphite G band (1585 cm−1). Supplementary low intensity
bands, 2D and D + G could be observed at higher Raman shifts
(>2500 cm−1). A high degree of graphitization is seen for HC-G (both
pristine and washed), which is indicated by the intense and sharp 2D
peak (Fig. 3c, d). Moreover, as the spectra were normalized to D band,
they revealed a slightly higher intensity of G band (graphite) for the
grape than both asparagus and potato peel HCs. Worth to note also
that both G and D bands are much narrower for HC-G, which denotes
a lower full width at half maximum (FWHM) than that of HC-A and
HC-P (Table S4, SI). All these observations, leads to the conclusion that
the HC-G is more graphitized than the other HCs, in line with the
lower ID/IG and FWHMD/FWHMG ratios. In fact, we reached the same
conclusion by Raman mapping which scans and analyzes a certain
area and not only a local point (Fig. S2, SI.). It is important to note, how-
ever, that graphitization is local and not uniform in the structure (2D in-
tensity varies), sustained also by the XRD data showing no intense 002
graphite peak but large hard carbon specific peak. After washing, the
disorder degree (ID/IG) decreases for asparagus HC from 2.9 to 2.2, for
HC-Gwa from 1.5 to 1.3 while for HC-Pwa from 2.5 to 2.0, in the same
trend as impurities removal.
HR-TEM analysis was further used to elucidate the local structure of
the materials as illustrated by the images of pristine/washed materials
shown in Fig. 4.
The presence of impurities is highlighted by the black areas that
largely disappear after washing. In the case of grape waste derived HC
however, some large particles that are encapsulated in the carbon struc-
ture could not be removed by washing. The Si found in higher percent-
age in this material could be responsible for the higher graphitizationdegree found for HC-G. It may act as catalyst at elevated temperatures
inducing structural graphitization [48]. The HR-TEM results are in
good agreement with the XRD and Raman founding's: HC-Awa
(Fig. 4c) and HC-Pwa (Fig. 4i) have a highly disordered structure with
few local graphene stacked together while HC-Gwa (Fig. 4f) has a high
degree of graphitization involving several stacked graphene layers
(15–25). Despite the high degree of graphitization showed here, it is im-
portant to remind that TEM is a local technique, many areas on thema-
terial revealing a high disorder degree, similar to the one observed for
HC-Awa and HC-Pwa samples, as illustrated in Fig. S3, S.I. Therefore, a
heterogeneous structure combining mainly disorder carbon but also
graphitic large domains is determined, in line with the Raman observa-
tions. It is worth mentioning that the local graphitization observed can
have a negative influence on sodium ions storage either by limiting
their intercalation between such graphitic layers with low d-space or
by causing an irreversible insertion that could decrease the initial Cou-
lombic Efficiency (iCE). An interesting aspect observed for the HC-Awa
and HC-Pwa samples (Fig. 4b, h) is the structural pattern that involves
some spherical white spaces (~10 nm diameter) that resemble to
some extent with a well-developed mesoporosity. It is interesting that
such mesopores were not observed for the pristine samples (Fig. 4a,
g) and thus can be an indication that such impurities are located in
the carbon structure and, as result of the washing step, they are re-
moved deblocking some pores. Textural analysis might give more in-
sights into this aspect.
3.3. Hard carbon textural characterization
N2 adsorption-desorption and CO2 adsorption were used to charac-
terize the hard carbons porosity. The pristine andwashed after TTmate-
rials were studied in parallel to see if the presence of impurities can
influence the textural properties (Fig. 5). Type II N2 adsorption/desorp-
tion isotherms could be seen in the case of pristine hard carbons, which
are specific for non-porous materials (Fig. 5a). The low amount of
adsorbed N2 by the materials at low relative pressure (P/P0) indicate
limited amount of micropores (<2 nm).
For the washed materials, type II isotherms are kept for HC-Gwa
while for HC-Awa and HC-Pwa a change of isotherms from type II to
type IV occured. Such IV-type isotherms are characterized by an in-
creased nitrogen adsorbed volume at low relative pressure and by the
presence of a hysteresis loop at higher relative pressures, being specific
for materials containing both micropores and mesopores. These obser-
vations are in agreement with the TEM results showing the presence
of mesopores after impurities removal, for both HC-Awa and HC-Pwa.
The SSA determined using the BET model is small for the pristinemate-
rials: 7 m2 g−1 for HC-A, 6 m2 g−1 for HC-G and 11.5 m2 g−1 for HC-P,
respectively (Table 2). On the other hand, the washed materials adsorb
amuchhigher amount of N2,which implicitly leads to higher SSA. This is
especially observed for the HC derived from asparagus peels
(40m2 g−1) and potato peels (35m2 g−1)while for HC-Gwa the specific
surface increase is less significant after washing, (8.5 m2 g−1).
With the removal of impurities from the structure, free spaces are
created, recognized as porosity, thus explaining the observed changes.
However, in the case of grape waste derived hard carbon, the limited
SSA increase observed after washing (HC-Gwa) is unexpected consider-
ing the high amount of removed impurities revealed by EDX. Two ef-
fects can be proposed to explain this behavior. Indeed, most of the
impurities placed at the surface are removed (confirmed by EDX re-
sults) leading to a certain porosity increase but part of the impurities
catalyzed the carbon structure leading to graphitized areas. Therefore,
while pore closure and d-spacing contraction occurs during pyrolysis,
some impurities are encapsulated. Such particles are well confined in
carbon, surrounded by graphitic shells which make them impermeable
to acid, therefore, cannot be leached.
Pore size distribution (Fig. S4, SI) revealed that thematerials possess
mainly micropores (<2 nm) along with some mesopores (i.e., 2–4 nm
Fig. 4. HR-TEM images of pristine and washed after TT hard carbons at different resolutions. The red circles highlight the presence of metal-based impurities.
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.diameter). A small total pore volume could be determined as well,
i.e., 0.01 cm3 g−1 for HC-A and HC-G while for HC-P, 0.02 cm3 g−1.
After washing, impurities removal resulted in the significant increase
of the micropore volume (i.e., 10 times higher for HC-Awa and 8 times
higher for HC-Pwa). The PSD is better defined and pore size centered
at 1 nm are seen.
As has been well pointed out before, HC texture does not involve
only micropores and mesopores, a significant amount of
ultramicropores (<0.7 nm) is also developed in the materials which
are not detected by N2 reason why, CO2 adsorption must be implied.
The adsorption isotherms of the pristine and washed materials are
shown in Fig. 5c, d. The obtained results confirm the presence of
ultramicropores (0.35–0.8 nm as evidenced by the PSD, Fig. S5, SI) lead-
ing to a significantly higher SSA for HC-A (140 m2 g−1) and HC-P
(127 m2 g−1), respectively. In the case of HC-G, however, a small
value is obtained once more, 19 m2 g−1, which indicates that the mate-
rial structure is very compact with very little porosity developed. The
same trend was observed when washing is done, SSA reaching a value
of only 28 m2 g−1 for HC-Gwa while, in the case of HC-Awa and HC-
Pwa, significant increase of BET SSA is observed to 334 m2 g−1 for HC-
Awa and to 265 m2 g−1 for HC-Pwa, respectively (Table 2). The volume
of ultramicropores (diameter centered at 0.5 nm) increases as well.
The obtained textural results reveal that thewashing step causes the
increase of both specific surface area and pore volume and the appear-
ance of mesopores. Therefore, a network of pores involving meso-,
micro- and ultra-micropores are present in the materials structure.
However, in the case of grape waste derived HC, the material is rather
non-porous which could to some extent limit sodium ions storage but
in the same time might reduce undesired side reactions with the elec-
trolyte (SEI formation).3.4. Hard carbon surface chemistry/defects
The EDX results presented in Fig. 2 pointed out a high content of oxy-
gen in the HC structure. The oxygen is partially linked to the carbon struc-
ture forming oxygenated functional groups (carboxyl, carbonyl, ether…)
while partially is bonded with the metallic impurities, forming oxides
and carbonates (based on XRD). To obtain more insights about the mate-
rials surface chemistry (functional groups, structural defects) TPD-MS
technique was used. In such technique, the oxygen functional groups
are decomposed in CO2 and CO gases during heating, based on their ther-
mal stability. Less stable groups such as carboxyl, lactone and anhydrides
(containing –COO− groups) decompose at lower temperature by releas-
ingCO2 (ormixture CO2 andCO for anhydrides),whilemore stable groups
like phenols, quinones or ethers results in CO release atmuch higher tem-
perature (>500 °C). Other gases like H2O orH2 can be aswell evolved and
can give information about the carbon surface chemistry and its structure.
Therefore, theCOandCO2desorptionprofiles of thehard carbonmaterials
are shown in Fig. 6 while those for H2O and H2 in Fig. S6, SI.
A significant release of CO2 occurs at low temperature (~150 °C) for
HC-A and HC-P (Fig. 6a), due to carboxyl groups decomposition [49].
This is accompanied by an intense peak of concomitant H2O desorption
(Fig. S6, SI). At a first glance, this can be related to physisorbed water
considering the large amount of ultramicropores in these materials
(Table 2). Moreover, the carbonates found in the structure could be hy-
drated and their decompositionmight lead to water release, aswell. For
HC-G, the low temperature intense H2O peak is not observed which can
be understood taking into account the very low porosity. Instead, a
broad water peak is released at higher temperature (200–300 °C) and
its origin could be the hydrophilic surface given the large oxygen con-
tent related to impurities.
Fig. 5. N2 adsorption-desorption isotherms (a, b) and CO2 adsorption isotherms (c, d) of pristine (left) and washed (right) HCs.
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.Moreover, in the temperature range 400–550 °C, an intense CO2
peak is present for all materials (Fig. 6a) which is quite surprising for
a hard carbon, taking into consideration that CO2 coming from
oxygen-based functional groups decomposes at lower temperatures.
Such behavior, however, has been reported recently for lignin-derived
carbons [28] andmay be caused by the decomposition of metal carbon-
atewhich has a higher thermal stability. For HC-P, a supplementary CO2
peak is seen even at higher temperature (650 °C), suggesting evenmore
stable carbonate decomposition. Moreover, when thewashedmaterials
were analyzed (Fig. 6b), these CO2 peaks disappears, thus confirming
the hypothesis of the origin of these peaks.
Regarding, the stable oxygen groups, the CO desorption profiles
(Fig. 6c, d) show just one intense peak reaching themaximum intensityTable 2
Hard carbon characteristics including, interlayer distance (d002), disorder degree (ID/IG),
specific surface area (N2 and CO2 SSA), oxygen-containing surface groups (COx), structural












HC-A 3.82 2.9 7 140 1.48 34.4 4.9
HC-Awa 3.76 2.2 40 334 1.30 44.8 1.1
HC-G 3.79 1.5 6 19 0.22 16.0 2.6
HC-Gwa 3.79 1.3 8.5 28 0.21 13.5 1.6
HC-P 3.98 2.5 11.5 127 2.22 52.6 4.5
HC-Pwa 3.87 2.0 35 265 1.13 43.3 1.2
HC-Pwb 3.93 1.9 9 103 0.72 11.5 1.2
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at temperatures higher than 900 °C. Usually, the CO peak is seen in the
temperature range 500–800 °C as a result of the decomposition of func-
tional groups such as phenol, ether, carbonyl or quinones. Of these, qui-
nones are the most stable and the presence of an important amount
could cause the release of CO at higher temperatures. Compared to
other hard carbons reported in the literature [35,50,51] showing a
large pallet of stable oxygen-based groups, the desorption profiles
herein are very different. Worth to mention, that previous works did
not concern complex biomass but rather bio-polymer derived HCs. Re-
garding the amount of desorbed functional groups, it can be seen in
Fig. 6e that washing leads to a decrease in the amount of COx groups
as follows: from 1.5 for HC-A to 1.3 mmol g−1 for HC-Awa and from
2.2 for HC-P to 1.1 mmol g−1 for HC-Pwa. In the case of HC-G, no signif-
icant change is noted after washing.
When active surface area was determined for pristine and washed
HCs, a slightly different trend was observed: an increase after washing
from 34 to 45 m2 g−1 for HC-Awa while for grape waste and potato
peel derived carbons a decrease was observed after washing as follows,
from 16 to 13 m2 g−1 in the case of HC-Gwa and from 53 to 43 m2 g−1
for HC-Pwa (Fig. 6f). Given the high temperature at which the thermal
treatmentwas performed and the fact that thematerials were not func-
tionalized/activated, such high values (except grape waste derived HC)
are particularly high compared to previous works on HC. It should be
mentioned however, that this is the first report, to our knowledge,
where the surface chemistry and active sites were determined by
TPD-MS technique for biomass derived hard carbons. For instance, for
some bio-polymers derived hard carbons, the reported values of ASA
can be given for comparison purposes. Lignin has values between 9
Fig. 6. CO2 and CO TPD-MS desorption profiles for pristine (a, c) andwashed (b, d) hard carbons e) Desorbed quantities of oxygen-based functional groups, COx (CO+ CO2) and f) Active
Surface Area of pristine and washed hard carbon materials after the TT.
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.and 13 m2 g−1 [28], cellulose ~16 m2 g−1, cotton 9.4 m2 g−1 [50] and
polyacrylonitrile, PAN ~1.2 m2 g−1 [52]. Several reasons may be pro-
posed to explain these high values for the HCs herein prepared. For in-
stance, the ASA increase after washing, observed for HC-Awa can be
explained to some extent by the increase of SSA after washing since
the structural defects are directly dependent of SSA. An almost linear
dependence between ASA and SSA was reported in the literature,
when different cellulose derived HCs were studied [51]. It is important
to remind that ASA represents the surface of edge planes/defects of car-
bon, while the total surface area of carbon basal planes it is given by the
BET SSA. Therefore, sometimes is more pertinent to determine the ratiobetween the ASA and the BET SSA to have an estimation of the edge de-
fects reported to the basal plans. We can see (Table 2) that these ratios
follow the same trend for all materials and decreases after washing as
follows: from 4.9 to 1.1 for asparagus HC, from 2.6 to 1.6 for grape
waste HC and from 4.5 to 1.2 for potato HC.
However, the presence of impurities must also be taken into ac-
count. To recall, the determination of ASA implies the HC surface to be
initially cleaned by a heat treatment at 950 °C, under vacuum. This
step leads firstly to the thermal decomposition of metal carbonate
with formation of metal oxide and CO2 and further to the metal oxide
reduction to its metal form via carboreduction reactions (2). Further
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.the carbon is exposed to O2 at 300 °C for 10 h, thus, themetal impurities
present in the structure may react with O2 forming metal oxides, ac-
cording to the Eq. 3. During the new TPD-MS measurement done after
surface cleaning and oxygen chemisorption to determine ASA, these ox-
ides react with C at high temperatures and lead to the release of a signif-
icant amount of COx (4):
MCO3 ➔MOþ CO2; MOþ C➔Mþ CO ð2Þ
Mþ O2 ➔MOx ð3Þ
MOx þ C➔M gð Þ þ COx gð Þ ð4Þ
Therefore, the obtained ASA values cannot be linked just to the
structural defects on HC structure but also to the metallic impurities
that lead to the formation of a large amount of CO/CO2. Thus, even if
the SSA slightly increases after washing in the cases of HC-Gwa and
HC-Pwa, impurities removal and implicitly metal oxides removal leads
to formation of less functional groups. As result, the overall measured
ASA value is lower. On the other hand, the ASA increase found for HC-
Awa can be related to a more significant SSA increase after washing
and to the larger percentage of impurities found in the structure
(based on EDX results) as compared to the other samples (8.9 wt% for
HC-Awa vs. 5.6 wt% for HC-Gwa and 3.9 wt% for HC-Pwa). Moreover,
considering that the difference between pristine and washed HCs ASA
values is not significant (see Table 2) this explanation may be plausible.
An important conclusion that emerges frommaterials surface chem-
istry analysis is that particular caremust be paid to distinguish between
the oxygenated groups coming from functional groups and impurities.
In addition, the inability to quantify the active surface area of carbon it-
self without impurities contribution (due to the heterogeneous struc-
ture) must be underlined too. Unfortunately, these aspects are not
taken into account in the literature when hard carbons are developed
from a wide range of biowaste precursors and explored as anodes for
NIBs.
We can conclude at this point that the presence of impurities has an
important influence on the materials characteristics, especially on the
textural properties (higher SSA as a result of the free spaces left by the
impurities) and the surface chemistry, i.e., increased amount of func-
tional groups, structural defects. Moreover, the complexity of the sur-
face chemistry caused by the presence of impurities can be easily
modified even by exposure to air under ambient conditions. Regarding
materials structure, it was found that the presence of impurities can af-
fect the d-spacing, lower values being obtained after washing due to
their localization between the graphene layers and in some cases their
strong interaction with carbon during the thermal treatment led to
higher graphitization degrees.
3.5. Hard carbon electrochemical performance
First, HCmaterials conductivity was determined with the help of EIS
(Electrochemical Impedance Spectroscopy). The link between the HC
inorganic impurities/heteroatoms and the electronic conductivity is
not well known.
The results shown in Fig. 7, reveals an improvement in thematerials
electronic conductivity after the washing step. This could be related to
the decrease of oxygen and impurities content. More importantly,
when the materials conductivity is represented in ascending order, a
clear trend can be observed (Fig. 7b); the electronic conductivity in-
creaseswith the carbon content andwith the decrease of impurities/ox-
ygen content.
For HC-G and HC-Pwa, the atypical conductivity behavior seems to
be linked not only to C and O content, but also to their structure
which present graphitized domains (see HR-TEM, Fig. 4) and contrib-
utes positively to the electronic conductivity enhancement. Thus, thegraphitization degree of thematerials is also determinant in the control
of materials conductivity.
Further, the presence/absence of impurities influence on the Na+
storage mechanism and the delivered performance was evaluated. The
electrochemical behavior was studied by both CV and GCPL techniques.
In Fig. 8, the CV results of the materials analyzed with a scan rate of
0.2 mV s−1 in the voltage window 0.01–2 V under ambient conditions
are shown.
All HCmaterials (pristine andwashed) exhibit in thefirst cycle an ir-
reversible broad shoulder at approx. 0.4 Vwhich can be attributed to the
formation of solid electrolyte interphase (SEI) layer due to electrolyte
decomposition upon contact with Na metal [53]. The origin of this
peak is confirmed by its disappearance in the following cycles, being
known that the formation of SEI takes place only in the first cycle. HC-
P presents some small and sharp cathodic peaks during the 2nd cycle,
which can be rather related to experimental issues, coming from the
electrode or from the cell itself. Besides that, there is no evidence of
redox reactions between themetal impurities and the electrolyte/sodium
ions. Near 0 V, two redox peaks can be seen for all samples, attributed to
the reversible insertion-extraction of sodium ions into the HC graphene
layers [54], similarly to Li ions insertion/extraction within graphite, in
lithium ion batteries [17,21,55].
Galvanostatic and potentiostatic measurementswere coupled to de-
termine the quantitative performance of thematerials and the obtained
profiles are presented in Fig. 9. At the end of each galvanostatic dis-
charge/charge cycle a potentiostatic step of 1 h was added (the cell is
maintained at constant voltage) to fully complete the sodium
insertion-extraction in/from the hard carbon host.
An initial discharge capacity as high as 390 mAh g−1 could be deliv-
ered by HC-A, 227 mAh g−1 for HC-G and 317 mAh g−1 for HC-P. How-
ever, the 1st charge capacity reaches much lower values, respectively
180 mAh g−1 for HC-A, 153 mAh g−1 for HC-G and 214 mAh g−1 for
HC-P. The significant difference is caused by a high initial irreversible ca-
pacity, especially in the case of HC-A, leading to a low iCE of only 46%,
while for HC-G and HC-P a higher iCE was observed, 67%. It has been re-
ported before that the texture and the surface chemistry of thematerials
may induce irreversible reactions and SEI layer formation in the first
cycle [51,56]. Therefore, the large initial irreversible capacity found for
the HCs could be rather related to the surface functional groups and/
or heteroatoms (that may react with the electrolyte and cause its de-
composition) since both N2 and CO2 SSA have small values. This expla-
nation is plausible and is confirmed by HC-Awa for which iCE increases
after washing from 46% to 64% while the capacity improves from 180
mAh g−1 to ~220 mAh g−1. However, the increase of SSA with impuri-
ties removal could limit the achievement of higher performance since
facilitates irreversible reactions.
In the case of HCderived frompristine grapewaste, a smaller revers-
ible capacity was obtained (153 mAh g−1) and might be associated to
the lower d-spacing and amount of defects. Considering themost recent
reports on Na storage mechanisms [50,51,57,58], the slope capacity is
assign to adsorption of Na+ in the porosity and on the active sites
while the low voltage plateau is related to Na+ intercalation between
the grapheneplans. It is important tomention, however, that thismech-
anism is still under debate [52,59,60], the reason behind being the com-
plex HC structure leading to ambiguous interpretations. Therefore, after
washing, as theHC-Gwamaterial shows slightly higher porosity, the ca-
pacity gained on the slope region is more important and a reversible ca-
pacity of 204 mAh g−1 is obtained, in agreement with the storage
mechanism before mentioned. It is also important to mention that
washing induces an increase in the carbon content which is favorable
for Na storage and thus might explain the observed improvement. The
iCE slightly increases as well, and reaches 71% (vs. 67%). For potato
peel derived HC, the values are rather similar: 214 mAh g−1 reversible
capacity and 67% iCE for HC-P while for HC-Pwa a reversible capacity
of 202 mAh g−1 and 62% iCE was obtained (see Fig. 10a, b). Given that
the lower performance is associated to a lower capacity obtained on
Fig. 7. a) Electronic conductivity of the pristine and washed hard carbon materials versus oxygen and impurities content. b) Ascending evolution of the electronic conductivity and the
correlations with the carbon, oxygen and impurities contents.
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.the plateau region, it is possible that the structural changes that oc-
curred after washing (lower d-spacing and disorder degree) were the
cause. Additionally, even if both ASA and functional groups are lower
after washing, they still present high values. This may favor the electro-
lyte decomposition and SEI formation, limiting thus the material to de-
liver higher performance.
Given the complex and heterogeneous nature of these anode mate-
rials, a question mark may arise regarding the reproducibility of the re-
sults. To check this, a second cell was assembled for each material and
analyzed in the same conditions. The GCPL results are presented in
Fig. S7, SI. Concerning the reversible capacity, it can be seen that gener-
ally the two identical cells deliver similar performance (91–98% repro-
ducibility) with two exceptions, i.e., HC-G (82%) and HC-P (86%).
However, when it comes to the initial discharge, important differences
could be observed, and we believe that it might be related to materials
composition which is not homogeneous and thus, the electrodes ob-
tained are heterogeneous. As result, the irreversible reactions that take
place in the first cycle are different. In consequence, the initial Coulom-
bic efficiency among the two cells present only small variations, exept
for HC-A and HC-Pwa.
A good stability was seen for both grape waste and potato peel de-
rivedHCs (pristine andwashedmaterials) in thefirst 10 cycleswhile as-
paragus peel derived HC (washed or not) shows a small capacity fading
(see Table S5, SI). Further, HC-A and HC-Awa were tested for several
more cycles at C/10 rate and the results are shown in Fig. 10c, d. Besides
some local fluctuations, HC-A capacity is very stable in the first 50 cycles
while the CE reaches 100% after the first 5 cycles. Regarding thewashed
sample, HC-Awa, one can see how the capacity gradually decreases dur-
ing the first apx. 35 cycles after which it becomes relatively constant.
The CE shows gradually increase until 100% (around cycle 30), and re-
mains rather constant in the subsequent cycles.
Although thematerials features are highly modified by the presence
of impurities, the electrochemical tests performed on pristine and
washed HCs showed rather similar performance. This outcome could
be explained by some concomitant modification of carbon properties
after washing. The removal of impurities which could trigger positive
effects on the electrochemical performance are outbalanced by the in-
crease of SSA and decrease of interlayer space. Therefore, the possible
benefit coming from the absence of the impurities is hindered by the
microstructural changes. This is the reason why washing done before
heat-treatment was explored to evaluate its efficiency in removing the
impurities and to asses the structural and textural changes along with
the electrochemical behavior.
The situation when washing is done before the TT was considered
(thus the precursors are washed and not the hard carbon). To avoid
anymodification on the biomass structure due to HCl solution, washingwas performed with hot distilled water only (60 °C). Potato derived
sample was selected since the washing done after the heat-treatment
resulted in the complete impurities removal while HC-Gwa and HC-
Awa still have traces of impurities. The materials were denoted in this
case HC-Xwb (wb-washed before TT), where “X” represents the precur-
sor used. Fig. 11 shows materials characteristics obtained for potato
waste derived HC, taking into account the three cases studied: pristine
(HC-P), washing after TT (HC-Pwa) and washing before the TT (HC-
Pwb).
The XRD diffractograms of potato derived carbons (Fig. 11a, blue
trace) shows that washing with distilled water was very efficient and
removed the vast majority of impurities (only a small peak could still
be seen at a 2-theta value of 31°), while the d-spacing has similar
value to HC-P, 3.93 Å. EDX data confirm these results as the weight per-
centage of inorganic impurities is about 1.5 wt% for HC-Pwb (washed
before TT), significantly lower than both pristine (8.5 wt%) and washed
after TT hard carbons (~ 4 wt%), Table S6, SI. These results highlight as
well the efficiency of the washing before the pyrolysis step.
The amorphous carbon structure is maintained when washing is
done before the heat-treatment (HC-Pwb), as confirmed by both
Raman and HR-TEM analyses. Raman spectra of the three materials
are very similar (Fig. S8, SI) and a high disorder degreewas found. How-
ever, bothwashedmaterials (HC-Pwb and HC-Pwa) present lower ID/IG
values (1.9 and 2.0, respectively) compared to the pristine one (2.5 for
HC-P).
HR-TEM reveals the turbostratic structure of HC-Pwb (Fig. S9, SI)
with few graphene layers stacked and random orientation, similar to
HC-P and HC-Pwa structures. Differently from the HC-Pwa, where the
removal of the impurities after pyrolysis led to the creation of
mesopores, the HC-Pwb washed before pyrolysis does not show any
mesopores. The textural properties analyzed by N2 adsorption-
desorption technique (Fig. 11b) shows the same type II isotherm for
HC-Pwb, typical for non-porous materials. No hysteresis is observed
suggesting the absence of mesopores, in agreement with the HR-TEM
results. The SSA is similar to the pristine hard carbon, i.e., 9 m2 g−1 for
HC-Pwb and 11.5 m2 g−1 for HC-P, differently from HC-Pwa for which
SSA increased to 35 m2 g−1. Similar trend is observed for the pore size
distribution (inset Fig. 11b). The higher specific surface area and the
presence of mesopores for the material washed after pyrolysis (HC-
Pwa), suggest a preferential location of impurities in both micro - and
meso- pores.
Further, HC-Pwb surface chemistry was evaluated by TPD-MS and
compared with the pristine and washed after TT hard carbons
(Fig. S10, SI). Overall, washing done before the annealing treatment
(HC-Pwb) reduces significantly both the oxygenated functional groups
(i.e., 0.72 mmol g−1 for HC-Pwb vs. 2.22 mmol g−1 for HC-P and
Fig. 8. Cyclic voltammograms of pristine (left) and washed biowaste (right) derived HCs from 2-electrodes tests.
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.1.13 mmol g−1 for HC-Pwa) and the active sites of the material (i.e.,
11.5 m2 g−1 for HC-Pwb vs. 52.6 m2 g−1 for HC-P and 43.3 m2 g−1 for
HC-Pwa), when compared with the pristine and washed after TT car-
bons (Table 2). The results confirm that washing done before the ther-
mal treatment is more efficient in impurities removal leading to
characteristics slightly improved when compared to HC-Pwb.
The structural features of HC-Pwb are rather similar to HC-Pwa
while the specific surface area, the functional groups and the active
sites are lower for HC-Pwb. It is interesting to see further how the elec-
trochemical properties of HC-Pwb are affected. GCPL measurements
were done for HC-Pwb and the results are shown in Fig. 11c, d. The deliv-
ered capacity is just slightly higher thanHC-P andHC-Pwa. HC-Pwb could
reach in the 1st discharge a capacity of 350 mAh g−1 and a reversible ca-
pacity of 215 mAh g−1, corresponding to an iCE of 66%. However, after10 cycles the material delivers a reversible capacity of 230 mAh g−1. To
better visualize the electrochemical behavior of the three materials, the
1st, 3rd and 10th cycles were compared and the results are shown in
Fig. S11, SI. In the first cycle HC-Pwb present a more defined shoulder
at around0.7Vdue to electrolyte decomposition andSEI layer formation.
Moreover, while switching from discharge to charge, a small
overpotential (0.03 V) can be observed for HC-Pwb, related most likely
to an unstable SEI layer, thus limiting the delivered capacity. This behav-
ior is observed in the 3rd cycle, as well, but in the 10th cycle, the
overpotential is no longer occurring. As result, once a stable SEI layer
build up (10th cycle), the exhibited capacity is higher than both HC-P
and HC-Pwa. The normalized discharge-charge curves (Fig. S11, SI) con-
firm, as well, that besides the first cycle where the sloping region is dif-
ferent, the threematerials present very similar electrochemical behavior.
Fig. 9. GCPL profiles of 1st, 3rd, 5th and 10th cycles. Comparison between pristine (left) and washed (right) HCs cycled at C/10 rate.
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.These tests performed on the material washed before TT, although
preliminary, tend to show that better performance could be achieved
than both the pristine and theHCwashed after TT. This can be explained
by the combined low surface area with less surface functional groups
and structural defects and thusmore significant inorganic impurities re-
moval. Moreover, since this washing is done only in the presence of dis-
tilled water it is preferred over the one done on the HC with HCl
solution. The capacity delivered by thesematerials can be still improved,
particularly by increasing the carbon content in the materials (which is
still low, i.e., 83–87.5 wt%) in the detriment of oxygen, by favorably in-
creasing the pyrolysis temperature as shown elsewhere [45,61,62].
To test this hypothesis twowater washed biomasses (asparagus and
potato) were thermally treated at 1400 °C and the resulting HCs were
electrochemically tested. The GCPL results are presented in Fig. S12, SI.
The delivered reversible capacity improved for both materials and
reached 280 mAh g−1. The enhancement of the pyrolysis temperature
from 1300 °C to 1400 °C increased thus the capacity with 50 mAh g−1
for HC-Pwb and 70 mAh g−1 for HC-Pwa.
Moreover, the electrochemical impedance spectroscopy was per-
formed on the two materials (HC-Awb 1400 and HC-Pwb 1400) before
cycling and after 5 discharge-charge cycles. For both cases, the Nyquist
plots (Fig. S13, SI) are composed of an extended tail in the low-
frequency region and related to diffusion phenomenon, a semicircle inthe middle-frequency region caused by charge transfer reactions at
the electrode surface and finally, a small curve that intersects the x-
axis at high frequency, assigned to the cell inductance and ohmic
resistance.
For HC-Awb 1400 material (Fig. S13a, SI), a big semicircle could be
observed before cycling the cell, which suggest high resistance at the
electrode-electrolyte interface. After the 5th charge/discharge cycle,
the semicircle become less pronounced, the resistance decreases and
the charge transfer improves due to the formation of a conductive SEI
layer.
Worth tomention that the semicircle does not intersect the x-axis in
“0”, sign of electrolyte resistance, which seems to slightly increase over
cycling (from 5 Ohms before cycling to 8 Ohms after the 5th cycle).
Concerning Na+ diffusion given by the low-frequency tail, one can see
similar behavior between the twoNyquist plots,meaning that no signif-
icant changes occur over cycling.
For HC-Pwb 1400 (Fig. S13b, SI), a similar behavior is observed in-
volving electrolyte resistance (semicircle does not intersect in “0”)
and high resistance at the electrode surface as suggested by the semicir-
cle present in the middle-frequency region (1.3 Hz). Further, within cy-
cling, the charge transfer reaction at the electrode surface improves,
being indicated by the lower resistance revealed by the semicircle
reaching higher frequencies (14 Hz). For this material, the main
Fig. 10. a) First cycle charge capacity and b) initial Coulombic Efficiency of the hard carbonmaterials. Long term cycling alongwith CE of asparagus derived HC: c) pristine and d)washed.
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.difference is given by the low-frequency tail, meaning that in this case
Na+ diffusion changes significantly over cycling.
Therefore,we believe that these results confirm that it is further pos-
sible to optimize the biomass derived hard carbons properties to obtain
better electrochemical performance.
4. Conclusions
The influence of naturally occurring structural impurities in biomass
waste, on hard carbon preparation and on both physico-chemical and
electrochemical properties in Na-ion batteries, was studied, herein.
Such aspects which are of prime importance for large scale application
of these available, cheap and abundant resources are rarely discussed
in the literature.
A first approach consisted inmaterial washing after pyrolysis, which
revealed that the high amount of inorganic alkaline impurities could be
largely removed. A decrease of the d(002) interlayer distance was ob-
served, that could be correlated to the removal of the inserted ions be-
tween the graphene planes. For grape waste derived HC, the local
graphitization induced by impurities during the thermal annealing, pre-
vent impurities trapped inside the graphite interlayer space to move
outside the material during washing. An important porosity increase,
due to the formation of -ultramicro, −micro and –meso pores after
washingwas observed as well, except once again for grape derived car-
bon. Regarding the surface chemistry, the presence of impurities played
a very important role due to their high reactivity when exposed to air,
resulting in a large amount of oxygen bonded to inorganic impurities.
Consequently, after washing the surface chemistry and the structural
defects, although challenging to precisely quantify, diminished. Theelectronic conductivity significantly improved for all materials after
the removal of impurities.
The electrochemical tests showed that the performance of pristine
and washed after TT samples is rather similar. No general tendency
among thematerials could be established owing to the impact of several
interplaying carbon properties on the performance. The reversible ca-
pacity was improved after washing for HC-Awa and HC-Gwa while for
HC-Pwa remained rather constant. Although some materials have
reached high capacity during the first discharge (i.e., 390 mAh g−1 for
HC-A), a significant initial irreversible capacity was observed. This
could be related to the high impurities content in pristine carbons,
which, even successfully removed after washing, induced a higher
SSA, known as detrimental for sodium storage. The high amount of
oxygen and defects explained also the observed results. Alternative
approach, where the precursor was washed before the heat treat-
ment (using water instead of HCl) was also studied and better effi-
ciency regarding the removal of inorganic impurities was observed.
The performed electrochemical tests revealed that, the reversible ca-
pacity modestly exceeded the values for pristine materials and
washed materials after TT. Higher pyrolysis temperature applied to
the water washed materials allowed further to improve the revers-
ible capacity from 230 mAh g−1 (1300 °C) up to 280 mAh g−1
(1400 °C).
The assembly of results presented here offers many insights about
the impact of the impurities on the hard carbon features and perfor-
mance. This can serve as guideline towards green and mild approaches
to be further explored for sustainable fabrication of hard carbon.
Nevertheless, extended studied are still required on awider range of
biomass-derived materials to obtain a more general overview about
Fig. 11. a) XRD data and b) N2 adsorption-desorption isotherms and pore size distribution (inset) of HC-Pwb, HC-P and HC-Pwa potato peel derived hard carbons. c) GCPL profiles for HC-
Pwb and d) Reversible capacity and iCE of HC-Pwb, HC-P and HC-Pwa materials.
A. Beda, J.-M. Le Meins, P.-L. Taberna et al.biomass-HC synthesis cost for competitive implementation in real
devices.
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